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Abstract 
We have fabricated three-dimensional double- and triple-layer strip arrays of Nb and observed flux penetration into these strip 
arrays with an applied field perpendicular to the plane by using the magneto-optical imaging method. In the triple-layer strip 
arrays with large overlaps between the strips, we observed flux avalanches and one-dimensional penetrations perpendicular to the 
strip similar to the case of double-layer strip arrays. In thicker triple-layer samples, we also observed flux avalanches parallel to 
the strip. Enhanced demagnetization effect, thermal conductivity between the neighboring layers, and the driving force parallel to 
the strip are believed to cause these avalanches. 
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1. Introduction 
  
In the last decade, extensive researches on “metamaterials”, which consist of artificial sub-wavelength-scale 
structures, have been performed. These materials can show several unusual electromagnetic responses, such as 
negative permittivity [1] and negative permeability [2], which can realize negative refractive index [3-5], super-lens 
with infinite resolution [4], and cloaking of electromagnetic waves [6,7]. Several experiments on metamaterials 
composed of superconducting periodic structures have been performed [8,9]. On the other hand, microfabrications 
of superconductors can realize single flux quantum (SFQ) devices [10], which consumes much less energy with 
much less operation time than those of conventional CMOS devices. Such superconducting devices are always 
composed of three-dimensional structures of microfabricated superconductors. In such three-dimensional 
superconducting devices, concentration of magnetic flux due to the strong demagnetization effect can cause 
thermomagnetic instabilities known as flux avalanches [11]. So it is very important to solve this problem and 
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improve the performance of these devices. 
 We have reported magneto-optical observations of flux penetrations into three-dimensional double-layer 
superconductors [12,13], which follow similar magneto-optical observations in two-dimensional superconductors 
[14-20]. However, all theoretical studies on three-dimensional superconductors to date [21-23] assume infinite stack 
of layers. So, it is still an open question how our previous study on the two-layer system extrapolates to the infinite-
layer system. As a first step toward such a direction, we have fabricated three-dimensional structures consisting of 




We have fabricated three-dimensional strip arrays of Nb (Tc = 9.2 K) on Si substrate consisting of multiple layers 
of parallel strip arrays separated by insulating SiO2 layers by using the multi-layer fabrication process including 
planarization [24]. Each layer consists of arrays of parallel Nb strips with thicknesses ds and widths w, placed 
horizontally with a period a as shown in Fig 1(a). Two and three layers of such strip arrays are stacked as shown 
schematically in Fig. 1(b) with gaps di, and shifted by a half period of the strip array to allow maximum shielding 
against the applied magnetic field perpendicular to the layers (see Fig. 1(a)) [23].  Parameters of measured samples 
ds, w, a, and di are summarized in Table 1. In these samples, ds are set equal to di. The length of each strip is 200 Pm. 
In the following, we call these samples “shifted strip arrays (SSA)”.  
  In order to observe magnetic responses of these SSA, we used the magneto-optical (MO) imaging method in which 
local magnetic induction is converted into the light intensity by using the Faraday effect in a magnetic garnet film on 
the sample. Spatial variation of the flux density on the surface of the sample can be visualized by using this method. 
Followings are the actual experimental procedure to obtain MO images. The sample was cooled by a He-flow 
cryostat (MicrostatHighRes ϩ, Oxford Instruments), and MO images were captured by a cooled CCD camera with 
12 bit resolution (ORCA ϩER, Hamamatsu). After zero-field cooling the sample to the target temperature T, a 
background image was captured. Then we increased magnetic field H perpendicular to the plane of SSA with 5 Oe 
steps, and captured MO images under the magnetic fields. Final images are constructed by subtracting the 
background image to improve the image quality [25, 26]. 
 
Fig 1. (a) Cross section of triple-layer shifted strip arrays, and (b) a schematic drawing of SSA.  
Two-layer SSA does not have the top Nb layer. 
 
Table 1. Parameters of SSA 
Period of strips 
 a (Pm) 
Width of strips 
w (Pm) 
Thickness of strips ds and SiO2 di 
(ds= di) (nm) 
Number of layers n 
9 8 200, 300 2, 3 
11 8 200, 300 2, 3 
 
3. Results and discussion 
 
Figure 2 shows MO images and an optical image of SSA with a = 11 Pm. There are spot-like flux avalanches in all 
the MO images. In double-layer SSA, the length of each spot along x axis is almost the same as that along y axis, 
indicating that spot-like avalanches spread over two neighboring Nb layers. On the other hand, in triple-layer SSA, 
the length of each spot along x axis is shorter than that along y axis, indicating that spot-like avalanches are localized 
in the middle Nb layers. Figure 3 shows MO images and an optical image of SSA with a = 9 Pm. There are linear 
flux avalanches along x axis in double-layer SSA, which are believed to occur because of thermal conduction 
between the neighboring Nb layers [12,13]. In triple-layer SSA, the length of each linear flux avalanche is shorter 
than that in double-layer SSA. Moreover, in thicker triple-layer SSA we have observed novel linear flux avalanches 
along y axis, which occur from the points where avalanches along x axis have already occurred. 
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Fig 2. MO images and an optical image of SSA with a =11 Pm at T = 4 K and H = 50 Oe (thinner ones), 80 Oe (thicker ones). 






Fig 3. MO images and an optical image of SSA with a = 9 Pm at T = 4 K and H = 90 Oe (thinner ones), 110 Oe (thicker ones). 
 
First, we discuss from which layer the flux avalanche along x axis starts. In the following discussion, we assume 
that the thermal conductivity of the Si substrate at low temperatures is much larger than that of the SiO2 insulating 
layers [27,28]. The first flux avalanche should occur in the layer where the demagnetization effect is the strongest or 
the thermal conduction is the smallest [12,13]. In double-layer SSA, avalanches should occur in the top Nb layer 
because the demagnetization effect is the same in both layers and the thermal conduction is smaller in the top layer. 
In triple-layer SSA, considering the demagnetization effect, avalanches most likely occur in the middle Nb layer 
because it is sandwiched by two superconductors. On the other hand, according to the thermal conduction, 
avalanches most likely occur in the top Nb layer because it has the thermally isolated top surface. These two factors 
are competitive and the results indicate that the latter won in the present experiment.  
   Next we discuss the length of flux avalanches along x axis. We assume that the amount of heat generated by one 
flux avalanche is almost the same in double- and triple-layer SSAs. In double-layer SSA, almost all the heat 
produced by avalanches in the top Nb layer flows into the bottom Nb layer because of the absence of the third Nb 
layer and this heat is sufficient to cause another avalanche in the bottom layer. This new avalanche in the bottom 
layer leads to another avalanche in the top layer, and these processes repeat as has been discussed in Ref. [12]. On 
the other hand, in triple-layer SSA, heat generated by avalanches in the middle Nb layer flows into both bottom and 
top Nb layers, making it difficult to cause another avalanche in neighboring Nb layers. We believe that these are the 
reasons why avalanches in a = 11 Pm spread over two Nb strips in double-layer SSA and localized in the middle Nb 
layer in triple-layer SSA and why the length of flux avalanches along x axis is shorter in triple-layer SSA than in 
double-layer SSA. 
  Finally, we discuss the flux avalanches along y axis in triple-layer SSA with thicker Nb layers. Figure 4 shows a 
schematic drawing of the middle Nb strip seen from z direction. The process of this avalanche is as follows. First, 
flux avalanches along x axis occur as shown in red regions and they separate one superconducting strip into two 
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parts. Then this generates the shielding current along x axis as shown in yellow arrows, which drives vortices along 
y axis as shown in the orange arrow in Fig. 4. In triple-layer SSA, because of the existence of the top and bottom Nb 
layers, lines of magnetic force from vortices in the middle layer tend to be localized at the center of the strip and this 
effect is enhanced in thicker SSA, forming flux avalanches along y axis.  
  
Fig 4. The middle Nb strip in the triple-layer SSA from z direction. 
4. Summary 
 
  We observed flux penetration into three-dimensional double- and triple-layer shifted strip arrays (SSAs) of Nb and 
compared these two samples. In triple-layer SSAs, the length of flux avalanches perpendicular to the strip arrays is 
shorter than that in double-layer SSAs. In thicker triple-layer SSAs, we also observed flux avalanches parallel to the 
strip arrays. Enhanced demagnetization effect, thermal conductivity between the neighboring vertical two layers, 
and the driving force parallel to the strip arrays by the initial avalanche perpendicular to the strip are believed to 




   The devices were fabricated in the Clean Room for Analog-digital superconductiVITY (CRAVITY) in National 
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